Midgut fluxes and digestive enzyme recycling in Musca domestica: A molecular approach.
Insects are reported to have water midgut countercurrents fluxes powering enzyme recovery before excretion, usually known as enzyme recycling. Up to now there is a single, and very incomplete, attempt to relate transporters and channels with countercurrent fluxes. In this work, M. domestica midgut water fluxes were inferred from the concentration of ingested and non absorbable dye along the midgut, which anterior midgut was divided in two sections (A1, A2), the middle in one (M) and the posterior midgut in four (P1, P2, P3, and P4), which led to the finding of additional sites of secretion and absorption. Water is secreted in A1 and A2 and absorbed at the middle midgut (M), whereas in posterior midgut, water is absorbed at P2 and secreted in the other sections, mainly at P4. Thus, a countercurrent flux is formed from P4 to P2. To disclose the involvement of the known water transporters Na+:K+:2Cl- (NKCC) and K+:Cl- (KCC), as well as the water channels aquaporins in water fluxes, their expression was evaluated by RNA-seq analyses from triplicate samples of seven sections along the midgut. MdNKCC1 was expressed in A1, MdNKCC2 was expressed in M1 and P2 and MdKCC in middle and in the most posterior region, thus apparently involved in secretion, absorption and both, respectively. MdNKCC2, MdKCC and aquaporins MdDRIP1 and 2 were confirmed as being apical by proteomics of purified microvillar membranes. The role of NKCC and KCC on midgut water fluxes was tested observing the effect of the inhibitor furosemide. The change of trypsin distribution along the posterior midgut and the increase of trypsin excretion in the presence of furosemide lend support to the proposal that countercurrent fluxes power enzyme recycling and that the fluxes are caused by NKCC and KCC transporters helped by aquaporins.